The low temperature fabrication of OFET (organic field effect transistor) is presented in this paper. PDMS imprinting mold was used to pattern gold nano-particles suspended in Alpha-Terpineol solvent. After imprinting, nanoparticles was dried and then sintered at plastic compatible low temperature. Finally, air stable semiconductor polymer (modified polythiophene) in dichlorobenzene (o-DCB) solution to fabricate OFETs on flexible polymer substrates. The performance of the transistors were characterized and discussed.
INTRODUCTION
Direct nanoimprinting of SAM (self assembled monolayer)-protected gold nanoparticles was explored to develop a novel high resolution direct metal patterning method for nano-electronics. Nanoimprinting has been widely used as a low cost and high throughput alternative for micro/nanoscale patterning of polymers or other low melting temperature (or glass transition temperature) materials such fields as biological nanodevices [1] , nanophotonic devices (gratings and photonic crystal structures) [2, 3] , organic electronics [4, 5, 6] and the patterning of magnetic materials [7] . Metal nanoimprinting is typically an indirect process where a polymer (eg. PMMA) pattern is first created by nanoimprinting, which is then used as mask for dry etching of a predeposited metal film or as part of the metal lift-off process [8] . As one can see, conventional metal nanoimprinting involves multiple steps and expensive processes, thereby increasing the cost of manufacturing and offsetting the advantages of the nanoimprinting process. Very few direct metal nanoimprinting processes have been demonstrated so far due to the high melting temperature of metals. As an alternative to a metal direct nanoimprinting method, a few solid state embossing methods based upon plastic deformation of metal thin films have been introduced. These approaches involved either deformation of metal film under very high pressure [9] or deformation of a metal thin film/polymer multilayer under lower pressure [10] . However, these processes are limited by the fact that the metal is still in the solid state. Either ultra-high pressures, or metal/polymer multilayers, and sharp mold geometries are required to deform the metallic layer. The high pressures damage the substrate, and the sharp mold geometries are difficult to fabricate. Additionally, these methods do not allow the fabrication of isolated, arbitrary features, and always leave unwanted residual polymer layers. For the process to be useful for a larger number of applications, liquid based material nanoimprinting is more ideal.
Direct metal nanoimprinting is a novel method that simplifies the manufacturing process and allows potential applications that are not compatible with photoresist or solvent chemistry. It allows simultaneous large-scale definition of metallic patterns with more superior resolutions ranging from several millimeters down to nanometer scales less than 150 nm. In addition to being time and cost efficient, the process allows us to create smaller features compared with other direct printing techniques such as inkjet printing [11] [12] [13] , screen printing [14] , laser induced forward transfer (LIFT) [15] , and thermal imaging [16] , which can provide only limited resolution down to 20-50 µm.
In this paper we demonstrate a novel one step metal direct nanoimprinting method based on the utilization of metallic material in the form of nanoparticles suspended in a solvent. Our process eliminates the use of an intermediate polymer nanoimprinting step for dry etching or metal lift-off used in the indirect metal nanoimprinting process. Additionally, the use of metal nanoparticles as a precursor to the bulk metal, allows the use of low processing temperatures. The nanoimprinted nanoparticles can be transformed into a conductive and continuous metal film by heating the film at relatively low temperatures (140°C). Nanoparticles melt at a lower temperature than the bulk melting temperature (1063 °C). This novel approach has a great advantage of low temperature/ pressure process which can be potentially applied to flexible substrate electronics. Direct metal patterning using metal nanoparticle solutions is demonstrated for the first time in this paper. 
NOMENCLATURE

EXPERIMENT
Preparation of monodispersed metal nano-crystals
The gold nanoparticles were prepared by a two-phase reduction method reported by Hostetler et al. [17] Aqueous metal salts (HAuCl 4 ) were mixed in a toluene solution containing long-chain alkylammonium surfactants to form a two-phase system. 1.5 g of tetroactylammonium bromide (C 32 H 68 BrN ) was mixed with 80 mL of toluene and added to 0.31 g of Hydrogen tetrachloroaurate (III) hydrate (HAuCl 4 :xH 2 O) in 25 mL of deionized (DI) water. Vigorous stirring transfered the metal salt (AuCl 4 -) into the organic phase (toluene) and the aqueous phase was removed. A measured quantity of capping agent, a long-chain thiol (Hexanethiol), was added to the gold solution while stirring. Then, a reducing agent, sodium borohydride (NaBH 4 ), mixed in 25 mL of water was added into the organic phase with a fast addition over approximately 10 s to nucleate nano-crystals. The mixture reacted at room temperature for three and a half hours. The toluene was removed with a rotary evaporator and the leftover black particles suspended in ethanol and sonicated briefly. The particles were washed with ethanol and acetone and air dried.
Nanocrystal characterization: The average nano-crystal size is 1~3 nm and the size is coarsely tunable by adjusting the ratio of capping groups to metal salt, whereas size selective precipitation is employed to narrow the initial size distribution. In this method, the size distribution of synthesized nanoparticles is controlled by the ratio between metal salt and surface monolayer that additionally prevents the agglomeration of nanoparticles. The size of synthesized nanoparticles is distributed from 1 to 3 nm as measured by TEM.
Preparation of PDMS based imprinting mold
The fabrication of PDMS mold with microscale patterns was performed by the following procedure: (1) The silicon wafer was cleaned with piranha solution and with an O 2 plasma, and treated with SAM hexamethyldisilazane (HMDS) to enhance the adhesion of photoresist on the substrate. (2) 1.3 µm thick G-line positive photoresist (OCG825, Arch Chemicals, Inc., Columbus, OH) was spin coated onto the silicon wafer. (3) 4x reduction lithography (FPA-141F, Canon Inc., Japan) was used for the patterning of microscale features followed by developing with G-line developer (OCG 934, Arch Chemicals, Inc.). (4) After hardbaking at 120 °C, the silicon master was coated with 10 nm thick polytetrafluoroethylene (PTFE) using a vapor phase deposition system (Advanced Silicon Etch System, Surface Technology Systems, UK) to prevent the stiction of PDMS to the silicon master. (5) 10:1 (PDMS : curing agent) mixture of Sylgard 184 silicone elastomer kit (Dow Corning, Midland, MI) was poured on the silicon master. (6) It was degassed at room temperature and atmospheric pressure for 1 h and cured at 70 °C for 2 h. (7) After curing, the PDMS mold was carefully released from silicon master. In the fabrication of mold with nanoscale features, steps (1) - (3) were replaced with electron-beam lithography on 200nm thick Poly(methyl methacrylate) (PMMA) followed by electron beam deposition and lift-off of 50nm thick Cr/Pt/Ti layers.
Preparation of air stable semiconducting polymer
All chemicals were purchased from Aldrich and used without further purification unless otherwise noted. All solvents were purified on a solvent purification system. All reactions were performed under N 2 unless otherwise noted. All extracts were dried over anhydrous MgSO 4 and solvents were removed by rotary evaporation with vacuum assist. Flash chromatography was performed using Merck Kieselgel60 (230 -400 mesh) silica. The detailed semiconducting polymer synthesis and characterization can be found in the reference [18] .
Nanoimprinting procedure
The nanoimprinting process consists of metal nanoparticle ink dispensing on SiO 2 /P+ Si wafer, patterning by PDMS mold and subsequent melting(sintering) of nanoparticle pattern on a hot plate. Fig. 1 describes the nanoimprinting process. First, highly p-type silicon wafer (Silicon Materials Inc. ρ < 0.005Ω/cm) which was oxidized to form 100nm of thermal SiO 2 by wet oxidation at 900℃ for 37mins was prepared and cleaned in piranha solution (~50 parts 96% H 2 SO 4 : 1 part 30% H 2 O 2 at 120 ºC). This SiO 2 /P+ Si wafer structure are used to demonstrate the electronics fabrication, and used as a substrate for a nanoimprinting substrate and for a dielectric/gate structure for OFET(organic field effect transistor) fabrication. The gold nanoparticles (1~3 nm diameter), encapsulated by hexanethiol SAM (self assembled monolayer) in an alpha terpineol solvent (10 wt. %) were dispensed on top of SiO 2 /P+ Si wafer which was maintained at 80℃ to optimize nanoparticle ink viscosity and surface tension for faithful nanoimprinting patterning and minimum residual. PDMS mold was applied on top of nanoparticle ink with small pressure (5 PSI). The substrate was heated at 80℃ for 10mins to evaporate organic carrier solvent. The substrate was cooled down to room temperature for 50mins (to assure complete cooling) and PDMS mold was removed to get patterned nanoparticle. Finally, nanoparticle pattern was put on hot plate to induce nanoparticle melting to transform nanoparticle from insulator to continuous conductor pattern.
After the deposition of gold nanoparticle ink on substrate. For the OFET nanoimprinting, semiconducting polymer spincoating step was added as the last step.
RESULTS AND DISCUSSION
Nanomaterials exhibit remarkable specific properties due to large surface to volume ratio, large surface energy and spatial confinement that cannot be observed in bulk materials. Metal nanoparticles show large melting temperature depression due to the thermodynamic size effect [19] . Compared to the melting temperature of bulk gold (1063 °C), 2~3 nm sized nanoparticles start to melt at around 130~140 °C, a range that is compatible with plastic substrates. The metal nanoparticles can be transformed from insulator to conductor after energy input to produce continuous conducting structures. And SAM protected metal nanoparticle allow nanoparticle make highly loaded nanoparticles in carrier solvent with long term stability. This metal nanoparticle ink allows a lot of flexibility such as the low temperature solution process of the metal components and gives the basis for the development of the novel direct metal nanoimprinting method though proper choice and optimization of the solvent.
Nano-sized structure nanoimprinting
Direct nanoimprinting of diverse gold structure (nanodots, nanowires and nanomeanders) arrays with varying sizes (down to 100 nm), densities, and aspect ratio was demonstrated as shown in Fig. 2 . The AFM (atomic force microscopy) topography images of the nanodot arrays are shown in Fig. 2(a,  b) . Nanodot array from square nanodot mold could imprint 130~250nm (FWHM) sized uniform nanodot arrays with 8~50nm height. Besides zero dimensional nanodot fabrication, one dimensional nanowires were imprinted (Fig 2(c, d) ). Nanowire array with relatively larger pitch (down to 300nm pitch) can imprint 200nm (FWHM) clean nanowires without discontinuity. However, 200nm pitch nanowire imprinting (not shown here) shows local discontinuities in the lines which are a result of incomplete filling at the nanoscale, the line width broadening (expansion) by material diffusive spreading and explosive expansion of trapped air or moisture [20] . This is more serious when the line with becomes comparable with the pitch . This pattern expansion limits pattern density and reduce resolution. Besides straight nanowires, meander like nanowires were printed successfully.
After thermal sintering of nanoimprinted metal nanoparticles, the nanofeatures show tapered sidewalls and vertical shrinkage due to the volumetric shrinkage by densification, incomplete filling and PDMS mold deformation under pressure. Similar influence of densification and Possion's ratio on the cross section of features have been observed for nanoimprinted polymer [8] . Significant deviation from the vertical in sidewall angle can cause a change in line width during sintering (nanoparticle melting). As the aspect ratio becomes small, the sidewall angle degradation becomes more severe [8] and more significant for isolated dots than 1D line features. 
Micron-sized structure nanoimprinting
Micron size lines and positive and negative dots were imprinted. Fig. 3(a,b) show AFM pictures and cross sectional view of microwires with (a) 1µm and (b) 3µm width (FWHM) and 8µm pitch. Fig. 3(c,d) show AFM topography images of imprinted negative circle array with 4µm diameter and 8µm pitch and (d) positive square arrays with 2µm width and 8µm pitch. The low viscosity of polymer guarantees an efficient flowing of the polymer inside the cavities of the mold enabling equivalent results for both master conformations. It is usually known that the size and the surface to emboss have a drastic influence in the embossing of high viscosity polymers such as melted thermoplastics and renders more difficult the replication of negative masters [8] . The quality of imprinting, uniformity, thickness of the residual layer were not greatly affected by the conformation of the master and equivalent results were systematically obtained for positive and negative molds. However, the partially filled structures are observed for large, dense isolated positive feature imprinting (not shown here) due to the volume shrinkage and trapped air while imprinted line features did not show that problem. This partially filled cavity is usually observed in the viscous flow of thin PMMA film into the microcavityes during the hot embossing lithography (HEL) [21] .
Large, isolated array features surrounded by large unstructured area are very challenging with respect to a complete filling and minimization of the residual layer. The displace volume had better be equals those to be filled to minimize residual layer [8] . This is true for either elevated features or cavities and more critical as the size become smaller. We tried to solve this problem by precise dummy micron feature design near the nanofeature arrays and by dispensing precise amount of material. This could help both residual minimization and uniform pressure distribution over the large imprinting mold. In addition to the imprinting material property optimization, the mold pattern design (arrangement and size of the features) is very important to ensure the complete filling and uniform pressure during the nanoimprinting. In addition to the short flow distances, the displaced volume should equal those to be filled to ensure a good replication fidelity for nanodevice imprinting. The optimization was done by introducing precisely designed spacers. This design turned out to be very helpful in achieving faithful pattern transfer and minimizing the residual layer.
The liquid solvent carrying metal nanoparticles turned out to have several advantages in current research by providing the wide range of process window through solvent properties optimization compared with dry or aerosol state nanoparticles. The most important material parameters for successful imprinting are viscosity and surface tension. Alpha terpineol has a very wide viscosity range from a very high viscosity (almost solid) at room temperature to a low viscosity fluid (~10cP) at 100℃. Moderate heating during the nanoimprinting allow low viscosity of the nanoparticle suspension and facilitate the complete pattern transfer with minimum residual layer. Cooling after pattern formation prevents imprinted structure collapse during demolding due to high viscosity at room temperature. The processing temperature was optimized to balance the viscosity drop due to temperature rise and the viscosity increase due to concentration increase by solvent evaporation and found to be 80℃. Additional flexibility came from the insensitive fluid property to the types of suspended nanoparticles to invent more robust and universal method. It is much more desirable to have an imprinting process which does not rely on different inks, and which is nonetheless suitable for all materials that have to be patterned. The technique can be easily applicable to a broad range of functional molecules and nanoparticle material with minimum process modification while etching process need different recipe for different material combination for proper etching selectivity.
Resistor fabrication
Based on nanoparticle direct nanoimprinting, nano-and micro-wire resistors were fabricated and characterized. Two types of resistivity test configuration with two big contact pads were imprinted. Fig. 4(a,b) show AFM images of resistors with The measured resistivity (30µΩ⋅cm) obtained from nanoimprinting was almost one order higher than the bulk value (2.65µΩ⋅cm) and enough good for high performance electronics. This resistivity value difference could be explained by a enhanced carrier scattering in the presence of polycrystalline structure, rough surface (~5nm roughness) and thin film nature (200~300nm).
Transistor(OFET) fabrication
Organic field effect transistors (OFETs) based on solution processible polymeric semiconductors and conductors have achieved impressive improvements in their performance during recent years as an alternative to inorganic semiconductors [22] . These devices have been developed to realize low-cost and large-area electronic products on cheap polymer substrates such as active-matrix displays, chemical sensors, and flexible microelectronics. However, conducting polymers such as PEDOT/PSS which was usually used for solution processible electrodes have intrinsically high resistivity (by 2 or 3 orders higher than metal) and are not desirable for large area or high quality (high speed) electronics [22, 23] . It is certainly preferred to use metal electrodes and interconnects for high quality OFET structures on polymer. However, low temperature metal deposition methods that do not require photolithography nor vacuum processes and are still capable of producing high resolution are not yet well developed. Based on our novel metal direct nanoimprinting method, high resolution metal electrodes for OFETs are fabricated.
The sensitivity of conventional organic semiconducting polymers to air necessitates severe precautions during semiconducting polymer material processing, device fabrication and characterization that are usually carried out either in vacuum or nitrogen environment. However, air-free environment adds to the cost of manufacturing, thus offsetting advantages of the hybrid inkjet direct writing process that is meant to eliminate vacuum requirements. The air-stable semiconducting polymer used in this research is a novel material of a modified polythiophene containing electron withdrawing alkyl carboxylate substituents, exhibiting high charge mobility. Due to the electron-withdrawing properties of the carboxylate substituents, the polymer has lower HOMO (highest occupied molecular orbital) energy levels and therefore provide better oxidative doping stability than conventional solution-processible polythiophenes such as P3HT. [18] Based on the nano-and micro-wire fabrication by nanoparticle direct nanoimprinting, nano-and micro-wire transistors were fabricated and characterized. Two types of transistor test configuration with two big contact pads were imprinted. AFM images of (c) a multiple channel transistor and (d) a single channel transistor are given in Fig. 4(c,d) . Nanoimprinting process is used for contact fabrication on top of SiO2/P + Si wafer. Subsequently, after sintering and cleaning, the air stable carboxylate-functionalized polythiophene semiconducting polymer was spincoated (10~20 nm thickness) and annealed at 120 °C on a hot plate for 3 minutes. Fig. 5(b) shows a schematic of an OFET where two vertical lines separated by a narrow channel are source and drain electrodes and the big pad at the end of the narrow line is a probing pad.
The organic field effect transistors (OFETs) fabricated in this work have a typical bottom gate/bottom contact coplanar transistor configuration (Fig. 6(B) ) wherein the channel length is defined by the separation between the two parallel electrodes (source and drain) on top of SiO 2 /P+ Si wafer gate. Carboxylate-functionalized polythiophene (Fig. 6 (B) top inset) with increased air stability was synthesized, dissolved in warm (>45 °C) 1,2-dichlorobenzene (o-DCB) solvent (3 mg/mL) and spincoated as an active layer.
The OFETs performance was characteristerized using HP4155A semiconductor parameter analyzer and a probe station with the micro-positioning manipulators in a dark Faraday cage in air. The output characteristics of the OFETs are shown in Fig. 5(a) for different channel length ((i)2µm, (ii)4µm, (iii)6µm, (iv)8µm, (v)10µm) and 160µm channel width. The OFETs with relatively longer channel ( Fig. 5(a) ratio, less threshold voltage (Vt) of -15V and much larger drain current. This so-called short channel effect is caused by several reasons and is explained in the reference [24] . The mobility extracted from the saturated transfer characteristics of the OFET was around 0.004~0.006 cm2/V·s. The nanoparticle nanoimprinting can produce very short channels (micron to submicron) with high drain current. The resolution OFET is dominated by original mold resolution. Even submicron channels could be fabricated with a nanomold fabricated by ebeam lithography for the purpose of downscaling the channel length to improve switching speed. In order to compare the OFET performance, reference test devices on a thermally grown SiO 2 (115nm)/P+ silicon wafer were fabricated by conventional photolithography and the same semiconducting polymer was spincoated under the same condition. The overall performance of the lithographically processed OFET with SiO 2 dielectric layer exhibited similar performance with the nanoparticle nanoimprinted OFETs. This confirms that the current OFET performance is not limited by the fabrication process but by the intrinsic characteristic of the current semiconducting polymer which gained air stability at the cost of mobility reduction. The OFET performance can be significantly enhanced by applying higher mobility semiconducting polymer.
The performance of the OFETs can be enhanced by applying a more complex transistor design such as top contact configuration with patterned gate and semiconducting polymer via laser sintering of nanoparticle ink and by inkjet printing the semiconducting polymer. Further performance enhancement can be achieved by applying proper metal nanoparticles (such as silver nanoparticles) and semiconducting polymer combination to reduce the workfunction mismatch.
CONCLUSION
We have successfully demonstrated that direct nanoimprinting of metal nanoparticles enables low temperature metal deposition as well as high-resolution patterning. Our approach thus overcomes the major limitation of NIL for application in ultra-low cost, large area printed electronics. Combined with an air stable carboxylate-functionalized polythiophene, all solution processed organic field effect transistors (OFETs) with micron to submicron critical feature resolution were fabricated in a fully maskless sequence, eliminating the need for any lithographic processes. All processing and characterization steps were carried out at plastic-compatible low temperatures and in air under ambient pressure. 
